Electrospray ionization was applied on calcium alkoxides studying the most suitable operative conditions for their detection/identification.
Introduction
Metal alkoxides, and especially calcium alkoxides, have been widely studied in the past and many approaches have been proposed and developed for their synthesis. [1] [2] [3] In the last few decades, a renewed interest has arisen toward metal alkoxides as precursors in the formation of modified surfaces [for example, coatings via chemical vapor deposition, sol-gel) 4 and in homogeneous catalysis. 5 Calcium alkoxides, like other metal alkoxides, are moisturesensitive species and easily undergo oligomerization processes that are due to the kind of metal ion allowing the coordination of a high number of donors to reach coordination saturation. The oligomerization via alkoxide oxygen bridge gives rise to clusters; this phenomenon is reduced in the presence of multidentate polyether ligands which can fill the coordination sites of the calcium ion. 6 Oligomerization processes are supposed to influence reactivity and solubility of the species and qualitative studies are necessary to evaluate the geometry and the clustering behavior of new calcium alkoxides. 4 Nuclear magnetic resonance (NMR) spectroscopy, although highly effective in determining the solution structure of a molecule, shows some limits in the description of this kind of molecular aggregate. A typical spectrum of an oligomeric calcium alkoxide is characterized by broad signals. In general, because of the presence of mixtures of oligomers in solution and of coordinated molecules of alcohol, it is difficult to characterize these species as classic polymers.
Electrospray ionization (ESI) mass spectrometry was also applied, under suitable conditions, to the study of reactive moisture-sensitive compounds; 7, 8 among them, calcium alkoxides were investigated but an in-depth study of their oligomeric forms is still missing. 9 ESI mass spectrometry, different from other characterization techniques, is more sensitive, allows direct sampling and can give qualitative information on the composition of the analytes, on their stability and, in some cases, on the presence of different oligomers in solution. In principle, ESI-MS could change the aggregation equilibria of the species in the original solution and it can give, after in-depth investigation, important qualitative information on the composition of aggregates.
In the present paper, ESI mass spectrometry proved, under appropriate conditions, to be a strong and sensitive technique for the characterization of reactive calcium alkoxides. This preliminary study is the first necessary step to reach a deep knowledge of these complexes, even if the prediction of their aggregating behavior is still a challenging point and requires further studies.
Experimental section General
All solvents and products were purchased by Sigma-Aldrich (Milan, Italy). Solvents were freshly purified according to standard methods. 10 
Synthesis
Method A: direct reaction between metallic calcium and alcohol Syntheses of calcium alkoxides, involving the direct reaction of metallic calcium granules with the corresponding alcohol, were carried out in nitrogen-filled glove-boxes with the exclusion of moisture and oxygen according to procedures already described in the literature. 11, 12 Method B: reaction through ammonia activation Synthesis of calcium alkoxides, involving ammonia gas-assisted reactions with the corresponding alcohol, were carried out in nitrogen-filled glove-boxes with the exclusion of moisture and oxygen according to procedures already described in the literature. 13 The reaction mixture of calcium methoxide (1) and calcium ethoxide, (2) obtained by both method A and Method B syntheses, materialize as a white suspension. The white precipitate is recovered by centrifugation.
ESI-MS analyses
Samples and solution were prepared and handled in a dry box and injected directly into the ESI source fluxed with an N 2 auxiliary stream to create a more inert atmosphere, to help the compounds reach the capillary entrance and preserve them from the carbonation process. Ammonium acetate (NH 4 OAc) was dried in vacuum and dissolved in distilled CH 2 Cl 2 to obtain a 0.1% solution. LiCl was purchased from Sigma-Aldrich (Milan, Italy). ESI-MS spectra were collected with an LCQFleet (Thermo Fisher, USA) equipped with an ESI source and an ion trap as analyzer. The spray capillary was kept at 30°C and the applied voltage changed from 1 kV to 4 kV. The sample solution was injected at a flow rate of 8-13 µL min −1 . The temperature of the ion transfer capillary was maintained at 200°C. Multistage mass spectrometry experiments were performed by applying a supplementary rf voltage to the end caps. Ion isolation was performed by a mass window of five units. The supplementary rf voltage was in the range 30%-35% of its maximum value (5 V peak-to-peak).
NMR analyses
NMR spectra were recorded on a Bruker AvanceIII 300. 
Results and discussion
], synthesized by Method B reaction within the European project Nanomatch, 14 revealed that ESI mass spectrometry is an interesting tool for the analysis of calcium alkoxides clusters.
In fact, the data obtained by ESI must be carefully evaluated by considering that the equilibria leading to oligomeric species could, in principle, be strongly influenced by the presence of the electric field originating from the typical voltages applied in the spraying capillary in the ESI source (4 kV). It must be considered that: (i) as already discussed in literature 15 a high concentration of charged species is observed either in the Taylor cone or in the spayed droplets. This necessarily reflects on different reaction yields. Furthermore, phenomena of ion mobility in solution are present when high voltages are applied with an enrichment of the species with smaller cross-sections; (ii) the concentration is further enhanced in the sprayed droplets during the solvent evaporation phase;. (iii) electrophoretic phenomena also take place inside the sprayed droplets 16 leading to the enhancement of the above reported behavior.
Therefore, in the present study, the first aspect to be discussed is the one related to the quality of the obtained results. In other words: are the ions observed in the ESI spectrum those qualitatively and quantitatively present in the original solutions? In order to investigate this aspect, some experiments were performed by spraying the reaction solution in different electrical fields, i.e. by applying different ESI voltages.
For the occurrence of electrospray, a sufficiently strong electric field is needed. Smith obtained an approximate equation for the potential V on required for activating electrospray: 17 V on = 2 × 10 5 (gr) 1/2 ln(4d/r c ) where g is the surface tension of the solvent, r c is the radius of the capillary and d is the distance between the capillary and the counter-electrode. It is interesting to note that the value of V on is mainly related to the surface tension of the solvent and that the distance d is not so critical, being under logarithm. From this equation, it is possible to calculate the different voltages required for the ESI onset for different solvents (Table  1) showing that capillary voltages lower than 2 kV are not effective enough to activate electrospray.
Direct infusion of [Ca(OCH 2 CH 2 C(CH 3 ) 2 OCH 3 ) 2 ] in ethanol in the presence of NH 4 OAc and application of different voltages (1 kV, 2 kV, 3 kV and 4 kV) revealed that there is no perturbation generated by the ESI conditions and the species detected are also the same by varying the voltage ( Figure 1 ). The spectra are practically superimposable both in ESI conditions (4 kV and 3 kV) and spraying the solution pneumatically with voltage unable to activate the ESI phenomena (2 kV and 1 kV). Under the latter conditions, a relative drop in sensitivity is observed but the relative abundances of the observed ions remain in the same order of magnitude. Some ions at higher m/z values (450 < m/z > 500) are observed in the spectra obtained at spraying voltages of 4 kV and 3 kV, but it is difficult to give them a complete assignment, proving that they are generated by complex reactions reasonably related to oxidation phenomena occurring in the spray needle. Furthermore, the formation of the cluster [Ca(OCH 2 CH 2 C(CH 3 ) 2 OCH 3 ) 2 (CH 3 COOH) + H + ] (m/z 335) is observed and its yield shows a clear increase passing from pneumatic (1-2 kV, relative abundance of 20%) to ESI conditions (3-4 kV, relative abundance of 100% and 70%, respectively). It must be considered that, during the droplet solvent evaporation phase, cooling takes place and the clusters can also be generated in the gas phase. These results encouraged us to study calcium alkoxides in depth by ESI-MS.
This paper deals with a preliminary study starting from the analyses of calcium methoxide 1 and calcium ethoxide 2.
1 and 2 were obtained using two different methodologies-Methods A and B, reported in the experimental section. Both 1 and 2 obtained by Method A and Method B give rise to a white suspension. The solution (sol.), in methanol for 1 and ethanol for 2 and the white solid (ws.) separated by centrifugation were analyzed. Characterization by ESI-MS on sol by direct sampling and on ws (after dissolution) via direct infusion in the ESI source were performed in order to understand the correspondence between the species in equilibrium in the two samples.
The soluble species present in the sol at the end of the reaction give better mass spectrometric results with respect to the less soluble ws and help in verifying the effect of the mass spectrometric experimental conditions on the alkoxides (change of the ESI-voltages, addition of NH 4 OAc, LiCl, addition of different alcohols to consider alcoholysis reaction).
Parameter
Solvent
Onset voltage, V on (V) 2200 2500 3000 4000 Table 1 . Approximate required onset voltages (V on ) for electrospray ionization of solvents with different surface tension (g). Figure 1 . 7 ] + (m/z 377, RA = 55%). Measurements performed by varying the sprayer voltage in the range 1-4 kV did not lead to significant changes, indicating that the cluster distribution equals that originally present in the solution. In order to evaluate the role of chemical environment, either in the solution equilibria or in the ESI phenomena, different chemical entities (formic acid, LiCl or NH 4 OAc) were added to the original solution. Acidic conditions cause degradation of the sample, with rapid precipitation of CaCO 3 from the solution. Carbonation is a well-known process related to calcium alkoxides. 3 Furthermore, a consequence of the protonation can be the loss of the ligand as alcohol with consequent formation of a new species, as reported in Figure  2 . In order to test ionization techniques further, LiCl (one equivalent) is added. In fact, LiCl used with reactive compounds favors ionization as an adduct-forming agent without hydrolysis and decomplexation events commonly observed in acidic medium. 19 Surprisingly, the addition of LiCl to the methanolic solution of ws of 1 obtained by the reaction of Method A gives rise to the ion [Ca(OMe) 2 (MeOH) + H + ] at m/z 135 and the lithiated product is completely undetectable.
Figures

Calcium methoxide
Method B
The sample obtained by reaction of Method B is characterized by the presence of coordinated tetrahydrofuran (THF), as verified by elemental analyses and NMR spectroscopy. The ESI spectrum of the sol is characterized by a wide series of signals, some of which are difficult to attribute; only the signals at m/z 175 [Ca(OMe) 2 3 ] + , with RA ranging from 100% to 65%. It is interesting to observe that the species were also generated by Method A but they were detectable only in the precipitate ws. These results indicate that the presence of ammonia and THF in the synthetic procedure positively influences oligomerization.
In this case, the addition of LiCl to the sol gives rise to the signal at m/z 135 [Ca(OMe) 2 (MeOH) + H + ] and at m/z 109 [Ca(OMe) 2 
The ESI mass spectrum of ws of 1 in MeOH is characterized by an intense signal at m/z 295 due to [Ca(OMe) 2 (MeOH) 6 
Also interesting in this case is that the addition of LiCl gives rise to the signal at m/z 135 of [Ca(OMe) 2 (MeOH) + H + ] (RA = 100%). The significant differences observed in the sol of the two synthetic pathways are reported in Table 2 . With the reaction of Method A, the sol is not characterized by the presence of oligomers; with the reaction of Method B, the sol shows the presence of both monomeric and oligomeric species. The ws is polymeric in the reflux reaction (Method A) while monomeric and hexa-solvatate in the ammonia-based reaction (Method B).
These first results indicate that there is no direct correlation between the precipitation of the methoxide and the presence of clusters.
Solvation phenomena probably contribute to the solubility of these species. However the absence of solvated species indicate that the solvent molecules are not firmly coordinated.
Li + is very useful for the detection of the monomeric form but it fails in the cationization of the oligomeric species. In fact, the starting oligomeric mixtures become monomeric after the addition of lithium salt.
Calcium ethoxide
Method A The sol of 2, obtained through Method A, leads to a valid mass spectrum only in a weak basic condition i.e. after the addition indicate that the trimer is in a stable six-membered cyclic structure.
Interestingly, these trimeric and exameric species (see below) of calcium ethoxide have never been reported in previous investigations, where the calcium ethylates were indicated as Ca(OEt) 2 , as di-and tetra-solvated [Ca(OEt) 2 ·2EtOH] and [Ca(OEt) 2 ·4EtOH] and oxo-ethoxide. 11 In the same way, it is interesting to note that this form of calcium alkoxide can be justified referring to another compound [Ca 9 (OCH 2 CH 2 OMe) 18-(HOCH 2 CH 2 OMe)] whose structure fits well with these trimeric and exameric species (Figure 3 ). 12 Contrary to what was observed for 1, the ws of 2, obtained by Method A dissolved in ethanol, gives valid results only after the addition of LiCl. In this case, the presence of the lithium ion favors the cationization and probably has an effect on the stability of the compound. The spectrum is characterized by a high noise level and the species at m/z 229 [Ca(OEt) 2 (EtOH) 2 + Li + ] is present with quite a low relative abundance (Table 3 ). This structure is confirmed by the tandem mass (MS/MS) spectrum showing the formation of [Ca(OEt) 2 (EtOH) + Li + ] (m/z 183) and [Ca(OEt) 2 + Li + ] (m/z 137) ions.
2, obtained by Method A, behaves differently from calcium methoxide obtained by the same method: oligomers are detected in the sol and not in the ws. This result indicates that small differences in the ligand structure lead to important differences in the oligomerization yields.
Method B
The sol and the ws of 2, obtained with Method B, lead to analogous ESI spectra and the most abundant species are summarized in Table 4 .
Our experiments reveal that the sol and the ws of 2, obtained by the Method B reaction, are oligomeric and that the THF used in the synthesis coordinates to the calcium ion to probably give a more stable form. The "coordination" of the lithium ion probably stabilizes the neutral forms such as the trimer and examer. The effect of the lithium ion is also the leveling of the results: in fact, the sol and the ws give the same results after the addition of LiCl.
These preliminary qualitative results indicate that the analysis on the sol, which is not necessarily made of monomeric forms, is quite representative of the considered calcium alkoxides. The monomeric forms are, in most of cases, quite often present as solvated species.
Alcoholysis study
When an alcoholic medium (R¢OH) is added to a solution of Ca(OR) 2 , a partial or full substitution of the alcoholate ligand with a deprotonated molecule of solvent occurs. The alcoholysis reaction is reported as follows: Ca(OR) 2 + 2R¢OH ® Ca(OR) 2 -n (OR¢) n + nROH.
This phenomenon could have different rates and different entities as a function of the alcohol used as solvent, of the pH of the system and of the stability of the starting complex. 3 A way to test the reliability of the used approach is the study of alcoholysis processes.
Experiment
Species detected (m/z)
RA (%) Attribution
Ca(OEt) 2 The addition of a large excess of ethanol to the methanolic sol of calcium methoxide (Method A) in methanol gives rise to oligomeric mixed species ( Table 5 ). The starting sample was characterized by the presence of monomeric forms, as shown in Table 2 [Ca(OMe) 2 
Reasonably, the formation of the mixed oligomeric ethoxy-methoxy species is a two-step procedure starting from the coordination of one or more ethoxy ligands favoring the cluster formation.
The direct infusion of ws of 2 (Method B) in MeOH gives rise to many signals. The ws of 2 was characterized as oligomeric (see Table 4 ). Analogous to the experiment previously reported, regarding the dissolution of 1 in EtOH, the spectrum is rich in hybrid species (Figure 4) . The same experiment was also followed by NMR spectroscopy in order to compare the results with those obtained by MS. 2 in CDCl 3 (0.5 mL) was reacted with an excess of distilled methanol. After 6 h, the solvent was evaporated and CDCl 3 was added to the solid to collect the NMR spectrum. The multiplet centered at 1.27 ppm is characteristic of the ethoxy CH 3 -group while the quartet at 3.74 ppm is the one of the ethoxy -CH 2 -group. The singlet at 3.51 ppm belongs to the methoxy group. The NMR spectrum reveals the complete lack of OH groups and the presence of both the methoxy and ethoxy ligands with a 1 : 1 ratio ( Figure 5 ). There is no specific evidence of hybrid species and other experiments, such as the homonuclear NOESY, are required but these experiment may not be sufficient for a complete assignment of the molecule. In this respect, mass spectrometry is surely faster and more informative than NMR spectroscopy.
Formulation
Species 
Conclusion
Calcium alkoxides are highly reactive compounds which easily undergo oligomerization. We found that, following the two reported synthetic procedures, the analysis of the reaction mixture is representative and characteristic of each alkoxide and of each synthetic pathway. The possibility of predicting the solution behavior of calcium alkoxides is still a challenging point because of the tendency to oligomerize in different forms: the different ESI spectra of the calcium methoxide and ethoxide are clear indications that small differences in the structure of the ligand lead to different oligomerization yields. In spite of this, the fact that reactive compounds under stressed conditions (the application of a voltage, the rapid evaporation of the solvent with consequent lowering of the pH, the energy applied in the collision) have a detectable oligomeric form is a clear indication of the stability of the considered oligomers.
Alcoholysis reactions demonstrate the reliability of the ESI-MS approach. In fact, as was expected, a large number of common mixed species are detected by the addition of ethanol to a methanol solution of the methoxy alkoxide and by the addition of methanol to an ethanol solution of ethoxy alkoxide. Furthermore, this large number of species, undetectable by NMR spectroscopy, can be detected only because of the sensitivity and specificity of the MS technique.
The complexity of the obtained results introduces the possible complexity of the characterization of hindered systems and with additional donor atoms on the ligand and make future study of more complex systems necessary. 
